EHB (electro-hydraulic brake system) can provide active and decoupled brake for electric intelligent vehicles. However, modelling and control of automotive electro-hydraulic brake systems are always challenging due to the complex and highly nonlinear dynamic characteristics of the braking process. In this paper, a nonlinear backstepping control algorithm for EHB based on the bond graph model is introduced. A nonlinear, single-wheel brake system model is constructed using the bond graph method, in which the capacitive effect of the hydraulic fluid and the damping and inertia effects of calipers are considered. Based on this nonlinear model, a backstepping controller with good robustness is designed, and the control signals of the inlet and outlet valves are described by a unified expression. Moreover, the effects of the controller parameters on brake-pressure control are discussed in details, and suitable design parameters are chosen. Finally, the proposed algorithm is verified by the simulation and hardware-in-the-loop tests. The results show that valves are properly regulated by the backstepping controller, and the brake pressure follows the desired value rapidly and accurately.
I. INTRODUCTION
Faster and more accurate response are always required for the brake pressure control. Meanwhile, the brake system should provide more comfortable driving feelings, and provide more intelligent and diversified driving modes. In recent years, brake-by-wire systems such as EHB (electro-hydraulic brake systems) have been developed for requirements of future car platforms. EHB is an electronic, mechanical and hydraulic hybrid system, and electronic components are used to replace some mechanical components of the traditional hydraulic brake system. Therefore, the system has strong nonlinear characteristics which include resistance effect of valves, the compressibility of brake fluid and resistance and stiffness of the brake system, etc. Due to these nonlinear characteristics, it is a difficult task to control the brake pressure accurately and rapidly. To improve the control performance, research has focused on the modelling, response characteristics, pressure estimation, and regulation of electro-hydraulic brake systems [1] - [4] .
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For control, the reference models, which describe the response characteristics of an hydraulic brake system with considerable simplicity and accuracy, is necessary. Fisher proposed a relatively complete brake system, but it has 18 state variables and is too complex to be described in a real-time control system [5] . J. Christian Gerdes presented a reduced-order model of brake system dynamics using only one or two hydraulic states to describe brake hydraulics. However, it was simplified too much at the cost of features such as the compressibility of brake fluid [6] . D. Peng proposed a brake system model according to the theory of hydrokinetics and fitted it by test data. In this research, only the wheel-cylinder pressure was described, and the other states of the brake system were ignored [7] .
The EHB is an electronic, mechanical and hydraulic hybrid system which has strong nonlinear characteristics. Normally in discussing control, the nonlinear characteristics of control valves, compressibility of brake fluid, and resistance and stiffness of the brake system should be considered, and the nonlinearity of the wheel-pressure gradient should be described. The power bond graph is an applicable modelling method for complex physical systems [8] , hybrid systems [9] , [10] and nonlinear systems [11] , [12] . It describes the physical systems intuitively by the powerflow graphic representation of system energy structures. More practically, there exist strict logical consistencies between the graphic representations and the state equation representations. Using the bond graph method, valves, fluids, and brake models can be established, and the state equations can be introduced conveniently. M. L. Kuang and M. Fodor used a bond graph to model a brake system based on the volume change in the system [13] . The compressibility of the hydraulic fluid and the compliance of the circuits were considered in their study. Although it contained state variables, such as the volume changes in the accumulator, front and rear line, and four calipers, which are not necessary for brake pressure control, it has been proved to be applicable for modelling EHB system based on bond graph method.
Once a proper reference model is established, it can be introduced into the design of the pressure controller. To control brake system accurately, many control theories have been developed. Threshold-based, PID, Fuzzy control, Neural Networks control are employed for brake system control, and bring the system a better performance [29] , [30] . Tavernini.D designed an explicit nonlinear model predictive controller (eNMPC) for an anti-lock braking system (ABS) for passenger cars. The eNMPC is tested in 7 emergency braking scenarios and proved to have a better performance than PID controller [31] . John Samuel presented an adaptive neural network-based hybrid controller for anti-lock braking systems. The hybrid controller is based on the feedback linearization, combined with two feedforward neural networks, and the adaptation law is derived based on the structure of the controller, using steepest descent gradient approach and backpropagation algorithm to adjust the networks weights [32] . Liu TY designed an anti-Lock braking system using the piecewise anti-saturation PID algorithm and verified the algorithm was verified by the hard-ware-in-the-loop-test [33] .
However, most of the current controllers are modelfree [19] , which would ignore some characteristics of system and cannot monitor states of brake system exactly. Based on the state-equation-presented reference model, nonlinear states such as brake pressure and the compressibility of brake fluid can be considered during controller design, and better control performance can be achieved, but an applicable control method must be applicable for the nonlinear characteristics. The backstepping method is a systematic and structured method that is suitable for strict-feedback, nonlinear system-controller design. The backstepping method is usually combined with the Lyapunov stability theorem. It takes the stability of the virtual control variable into account at each step, finally expanding to the stability of the whole system [20] , [21] . The backstepping method is a model-based control method [22] . Although this kind of controller is more complicated, it can represent a system's characteristics better, owing to the full consideration of the characteristics of systems, so this controller can provide better control to the system [23] , [24] .
In fact, the backstepping method has been presented for the control of vehicle active suspensions and hybrid electric vehicle induction motors, and the results have confirmed the improved ride comfort of the passengers [25] , [26] .
For these reasons, the backstepping method can be used in the control of the nonlinear EHB system. When designing the control strategy by using the backstepping method, it is based on the model of EHB system. Therefore, the control strategy can consider the nonlinear characteristics and improve the control performance of the system.
In this paper, a nonlinear, single-wheel brake system model of an EHB is established by the power bond graph method. The master cylinder is treated as a pressure source; the inlet valve, outlet valve, and the wheel brake are modelled; and the nonlinear characteristic of the valves, compressibility of the brake fluid, and resistance and stiffness of the brake are considered. After the model is verified experimentally, a backstepping controller is designed based on it. In the controller, inlet and outlet valve signals are described in a unified expression and distinguished by rules based on physical properties of the brake system. To analyze the performance of the controller and set its parameters properly, the phase-track diagrams and time-response curves are plotted to explore the effect of the changes of controller parameters on wheel-pressure response. As the target pressure is required for the algorithm, a upper vehicle brake dynamic controller is necessary. In this paper, we design a singlewheel, sliding-mode-control(SMC)-based ABS algorithm in order to verify the pressure-control algorithm.
The rest of this paper is organized as follows. Section II discusses the simplified structure of an EHB and its bond graph model. Section III covers the model validation. The nonlinear backstepping controller is discussed in section IV. In Section V, simulations are performed and the results are discussed. Section VI presents our conclusions.
II. BRAKE SYSTEM MODELLING
In this section, we first introduce the physical structure of an EHB system, and simplify the EHB system into a single-channel model according to the modeling requirements. This section also design the bond graph model of the single-wheel brake system.
A. PHYSICAL STRUCTURE OF EHB SYSTEM
An EHB is a nonlinear system with multiple hydraulic components. The structure of the EHB is shown in Fig. 1 . An HCU (Hydraulic Control Unit) and a pedal feel simulator are consisted in this system. Normally, the master cylinder is decoupled from the wheel cylinders, and the simulator is used to provide the driver with comfortable feedback of brake pedal sensation. When the brake pedal is pressed, the brake fluid discharged from the master cylinder by the driver will flow into the simulator but not the wheel cylinders. At the same time, a motor and a high pressure accumulator is used as the high pressure source, and the motor will drive brake fluid from the reservoir into the wheel cylinders to generate hydraulic brake pressure. The HCU uses ten solenoid valves: two normally-open solenoid valves are used as isolation valves (FLCV, FRCV) to decouple the master cylinder from the wheel cylinders when the EHB works normally. Four normally-closed solenoid valves are used as the inlet valves (FLIV, RLIV, FRIV, RRIV) of the wheel cylinders. Two normally-closed solenoid valves are used as the outlet valves (FLOV, FROV) of the front wheel cylinders and two normally-open linear solenoid valves are used as the outlet valves (RLOV, RROV) of the rear wheel cylinders. The front wheel circuit where the isolation valve is located is used as a failure backup circuit, which is not considered in this study.
It is seen in Fig. 1 that the complete EHB is too complex to be modelled for a real-time controller. Therefore, some proper simplifications are necessary before the brake system is modelled:
• The motor pump and the high-pressure accumulator are used to provide brake pressure in the EHB, therefore they can be regarded as a source of constant pressure.
• The system failure backup function is not considered and the EHB is a complete decoupled system. The brake pedal and master cylinder are not necessary in the simplified model.
• The outlet valves are connected to the fluid reservoir, so the pressure of the outlet port of the outlet valve is always assumed to be zero.
• The hysteresis effects of brake lines are neglected.
• The leakages of the hydraulic system are ignored. The structure of the simplified single-channel of EHB is shown in Fig. 2 . Based on this simplified framework, the capacitance of the brake fluid, the resistance of the fluid in valve ports, and the damping and inertia effect of calipers are considered.
B. BOND GRAPH MODEL OF BRAKE SYSTEM
The bond graph method is based on the principle of energy conservation. The physical elements of a system are presented by some basic bond graph elements, and are connected by bonds based on power flow. The physical system in Fig. 2 is presented as a bond graph in Fig. 3 . The elements in the bond graph are shown in Table 1 [12] , [27] . According to the bond graph model, generalized momentums of I -elements and generalized displacements of C-elements are chosen as state variables, and the state equations can be written as
where e i is the effort of the bond i, f i is the flow of the bond i, q i is the generalized displacement, p i is the generalized momentum, and their subscripts i is the bonds' labels.
Next, we introduce the actual parameters of the physical system, and (1) can be written as follows
where V 4 is the brake fluid volume in the brake chamber; C d2 and C d5 are the respective maximum flow coefficients of the inlet and outlet valves; A 2 and A 5 are equivalent cross-sectional areas at the maximum opening of the inlet and outlet valves, respectively; p 0 is the pressure of the pressure source; ρ is the density of the brake fluid; C 4 is the volumetric compliance effect of the brake fluid; P 8 is the momentum of equivalent mass in the brake caliper, i.e., the mass ofhe piston and brake pads; m 8 is the quality of equivalent mass in the brake caliper; A is the area of the piston of the wheel cylinder; R 12 is the equivalent damping coefficient of the damping element in the brake; k 13 is the equivalent elastic coefficient of the elastic element; and X 13 is the displacement of the equivalent mass in the brake caliper. In addition, D 2 and D 5 are the respective duty ratios of the inlet and outlet valves during building, holding, and dumping cycles of wheel pressure. Their values are between 0 and 1, where 0 means completely closed and 1 means completely open.
Furthermore, there should be compensation for ignoring the hysteresis effect of brake pipelines. Considering that a change in the hysteresis effect relates to the gradient of pressure, a first-order inertia-delay system is added to compensate for the actual tendency of wheel pressure. The final model for a single-wheel brake system is
where P WC is the wheel-cylinder pressure and T is the constant inertia time.
III. BACKSTEPPING CONTROLLER DESIGN
The Backstepping control method is usually combined with the Lyapunov stability theorem. The basic idea of the backstepping control method is to divide the entire system into several states and design virtual control variables for each state. We need to stabilize each state by controlling the virtual variables so that we can make the entire control system stable. Finally, we can get the control laws of the backstepping controller.
In this section, we first determine the three states of the entire system according to the bond graph model of the single-wheel brake system, and we have the backstepping controller model after normalization. We set the virtual variable of each state to the error variable between the desired value and the actual value of this state. In the process of designing the controller, we set a control parameter for each state. The backstepping controller model has three states, and therefore, at the end of this section, we get the system control laws and three parameters k 1, k 2, k 3, which affect the performance of the controller.
In order to get the better performance of the controller, it is necessary to adjust the three controller parameters k 1 , k 2 , k 3 . We use phase trajectory analysis and time domain analysis methods to verify how the three controller parameters affect the controller performance and determine the optimal values of the three parameters. This part will be discussed in Section IV.
Actually, there are four state variables in (3), requiring four steps in backstepping controller design. Fortunately, the firstorder inertia delay element for dynamic compensation in (3) is simple enough, and P w can be calculated easily from V 4 . Thus, (2) can be chosen, and only three steps are necessary. Furthermore, the magnitudes of different state variables are extremely different in (2) , and proper normalization is necessary. After normalization, the backstepping controller can be designed as
where g 1 = 10, f 1 (x 1 , x 2 ) = −10 −1 k 13 5 . D 2 and D 5 are the opening ratios of the valves. For a normally open valve, an opening ratio of 1 means it is not energized and an opening ratio of zero means it is completely energized, while it is the contrary for a normally closed valve. For unified expression, we set u 1 = 1 − D 2 and u 2 = D 5 as the respective inputs of the system for the inlet and outlet valves.
A. STEP 1
Define the first error variable
where x 1d is the target value of x 1 . Then choose a Lyapunov function V 1 ,
Then the differential of the Lyapunov function iṡ
In the above equation, x 2 is a virtual control variable. We can see that the ideal value of x 2 is
where k 1 >0. It is obvious that if x 2 equals its ideal value x 2d , thenV 1 = −k 1 e 2 1 < 0, i.e., the error e 1 is asymptotically stable according to the Lyapunov theorem of asymptotic stability.
B. STEP 2
To ensure x 2 converges to x 2d , we define the second error variable:
Similarly, we choose a new Lyapunov function V 2 .
Solving the differential of the above new Lyapunov function, we geṫ
Obviously, x 3 is a virtual control variable, and its ideal value x 3d is
where k 2 >0. If x 3 equals its ideal value x 3d , we havė V 2 = −k 1 e 2 1 − k 2 e 2 2 < 0, and the errors e 1 and e 2 are asymptotically stable.
C. STEP 3
Define the third error variable:
Similarly, we choose an expanded Lyapunov function V 3 :
Solving the differential of the above expanded Lyapunov function, we geṫ
If we find suitable values of u 1 and u 2 that satisfy the equation (17) where k3>0, thenV 3 = −k 1 e 2 1 − k 2 e 2 2 − k 3 e 2 3 < 0, and the errors e 1 , e 2 , e 3 are asymptotically stable.
Recalling (4), the output of the control system is x 3 , and its inputs are u 1 and u 2 . Although x 1d and x 2d are unknown, x 3d is the expected value of the control system. Summing up the three steps of the backstepping method, the relationship of x 1d , x 2d , and x 3d can be derived:
Thus, the target values of x 1d , x 2d can be obtained from x 3d . Furthermore, x 3d can be calculated from the state variable equation of P WC shown as in (3):
where P WC_desired is the expected wheel cylinder pressure.
D. CONTROL LAWS
The control law in (17) contains two input variables, u 1 and u 2 , which are the PWM duty cycles of the inlet and outlet valve, respectively. During brake control, the inlet and outlet valves should operate in coordination. In pressure building, the inlet valve is open and the outlet valve is closed. That is, u 2 = 0, and u 1 can be calculated by (17) . In pressure dumping, the inlet valve is closed and the outlet valve is open. That is, 1-u 1 = 0, and u 2 can be calculated by (17) . In pressure holding, both the inlet and outlet valves are closed. That is, 1-u 1 = 0 and u 2 = 0. Thus, the coordination control laws of the valves are where e 4 is the error between the actual and expected wheelcylinder pressures, and is defined by
As each virtual variable has been proved Lyapunov-stable during each step of the controller design, the stability of the nonlinear brake system control is assured by the backstopping method.
IV. SIMULATIONS AND DISCUSSION
The responses of the designed backstepping controller should be regulated by the three gains k 1 , k 2 , and k 3 . To achieve the best following effects between the actual and target brake pressures, the influence of these gains on the control effect should be analyzed. The parameters of the brake system and wheel are shown in Table 2 .
In this section, we use MATLAB/Simulink to carry out the simulations, and analyze the control strategy parameters by phase trajectory and time domain analysis methods. Based on the analysis, the proper gains that can ensure the stability and tracking speed of the controller are set, and the backstepping controller is verified together with a single-wheel, SMC-based ABS controller.
Finally, the backstepping controller is further verified by the hardware-in-the-loop test.
A. EFFECTS OF THE GAINS OF THE CONTROLLER 1) PHASE TRAJECTORY ANALYSIS
Different combinations of k 1 , k 2 , and k 3 are set for the following analysis. After the input pressure is set as 150 bar and the target wheel-brake pressure is set as 100 bar, the control system is simulated, and phase trajectories of gradientversus-pressure are plotted. The responses of the control system with different configurations of the three gains are analyzed.
First, we only change one of the gains and set the other two as zero; the phase trajectories of wheel-pressure gradientversus-pressure are shown in Fig. 4 . It is seen that the wheel pressure converges to 100 bar even when all the gains are zero. In fact, as the wheel pressure is driven by the pressure source, it cannot exceed 150 bar and would not diverge to infinity. However, with all the gains set to zero, the system takes a long time to converge, with large fluctuations, as can be seen in the green solid line in each figure. Thus, the gains should be regulated.
In Fig. 4(a) , we see obvious oscillation of brake pressure regardless of where k 1 is set. However, when k 1 is small, the oscillation is disordered and unsystematic, while as k 1 increases, the responses become more regular and the system is more stable. In Fig. 4(b) , a larger k 2 can reduce the oscillation and overshoot apparently, but it also results in steady-state errors that can be seen in the curves for k 2 = 50 and k 2 = 100. Moreover, if k 2 is too large, the building and dumping gradients of pressure will both be reduced, which is seen in the curve for k 2 = 100. In Fig. 4(c) , it is seen that the change of k 3 has little effect on dynamic response. Even when k 3 increases to 10 10 , tiny differences can still be seen.
As k 3 shows little effect on system response, we set k 3 = 0 and further analyze the influences of k 1 and k 2 . Fig. 5 and Fig. 6 illustrate the phase trajectories of different combinations of k 1 and k 2 .
Comparing Fig. 5 to Fig. 4(a) , we see that k 2 contributes to reducing the overshoot, and a sufficiently large k 2 reduces overshoot to zero and eliminates the oscillation. At the same time, a smaller k 1 will decrease the gradient of brake pressure, especially when the pressure is close to the steady-state. Comparing Fig. 6 . to Fig. 4(b) , we see that k 1 helps reduce the steady-state error, especially when k 2 is large. Similarly, comparing Fig. 5 to Fig. 6 , a smaller k 1 will decrease the building and dumping gradients of brake pressure when it is close to steady-state, while if k 2 exceeds a certain value, this function will no longer change. In Fig. 5 and Fig. 6 , we find that when using the combination of k 1 = 20 and k 2 = 50, the dynamic response of brake pressure is more acceptable.
After k 1 and k 2 are confirmed, we change k 3 and look for possibilities of further improvement in controller performance. Fig. 7 and Fig. 8 show phase trajectories with different values of k 3 and various combinations of k 1 and k 2 . In Fig. 7 , we set k 1 to 20 and tune k 2 only, while in Fig. 8 , k 2 is fixed at 50 and only k 1 is regulated. Compared to Fig. 4 (c) , k 1 and k 2 are conducive to reduction of overshoot, and we can eliminate overshoot if we select a proper gain set. It also can be seen that regardless of the value of k 1 , the effectiveness of k 3 does not vary, while the tracking speed slows down as k 2 increases. Thus, with a relatively large k 2 , a very large k 3 can accelerate the response speed somewhat, but not obviously. Therefore, it is reasonable to set k 3 to zero with a suitable value of k 2 .
The velocity of the mass, i.e., the gradient of its displacement, affects brake noise. Generally, the greater the velocity and the faster it changes, the greater the noise. Fig. 9 depicts the relationship between brake pressure and velocity of mass under different values of k 2 . Noting from the former analysis that k 3 has little effect on pressure, we set k 3 = 0. The curves are similar to the phase track diagrams of wheel pressure, because the velocity is determined by the gradient of pressure.
We see in Fig. 9 (a) that when k 2 is small, the velocity fluctuates significantly around the static-state value of 100 bar. The fluctuation increases with k 1 . Furthermore, at the end of pressure dumping, there is some velocity variation when k 1 is small, which is shown in region I, while in Fig. 9(b) , k 2 is larger and the velocity barely fluctuates, regardless of the value of k 1 . However, static error exists when k 1 = 0. For k 1 = 1, in segments II and III, the velocity is almost zero while the pressure still changes. In fact, the velocity is small but nonzero, and still will lead to the slow change of pressure. Summarizing the above analysis, to ensure a rapid tracking speed and minimize the vibration and brake noise, we choose the gains set as After exploring the response speed above, we further analyze the control accuracy of the system. The above analysis has proved that k 3 has little effect on wheel pressure, so we discuss only k 1 and k 2 .
2) STEP RESPONSE ANALYSIS
After phase trajectory analysis, we further analyze the control accuracy of the control strategy by step response. In the previous analysis, it has been proved that k 3 has little effect on the brake pressure response characteristics, so only k 1 and k 2 need to be analyzed. Fig. 10 shows the step input target brake pressure used for this verification. Fig. 11 and Fig. 12 show the simulated performance of brake pressure. In Fig. 12(a) , increasing k 2 leads to steady-state error and reduced oscillation. Fortunately, increasing k 1 helps reduce this steady-state error, which can be seen in Fig. 11(b) . One step further, k 1 contributes to increased tracking speed when pressure is close to steadystate. At the same time, k 2 helps reduce overshoot, but it may reduce tracking speed. With the combination of k 1 = 20 and k 2 = 50, the following performance of brake-pressure control is acceptable.
B. VERFICATION BY SIMULINK BASED ON ABS AIGORITHM
In the foregoing, we have analyzed and regulated the parameters and verified the performance of the backstepping controller. In order to further verify the performance of the controller and analyze the validity of the controller parameters, we carry out the simulation together with a single-wheel, SMC-based ABS controller using MATLAB/Simulink. The single-wheel vehicle model is described as follows:
where m is the vehicle mass, v is the vehicle's longitudinal speed, F x is the tire's longitudinal force, I w is the moment of inertia of the wheel, ω is the rotational speed of the wheel, r is the tire's effective rolling radius, and T b is the brake torque. A SMC(sliding-mode controller) is employed to regulate the wheel slip ratio. Using SMC, the desired brake pressures are determined as follows:
where U is the output from the SMC ABS algorithm, c is a constant, ε and are positive real constants, δ slide is a switching function, e is the error between the actual slip ratio s and the optimal slip ratio s 0 , K b is a conversion factor between brake pressure and brake torque, and p b is the brake pressure.
A constant pressure of 100 bar is applied by the pressure source to simulate the brake input from a real driver. The structure of the simulation model is shown in Fig. 13 . It consists of the single-wheel vehicle model described in equation (23), the brake system described in equation (3), and the controller. The controller is composed of the SMC ABS Step input of target brake pressure. algorithm, which is described in equations (24) and (25) , and the brake-pressure controller proposed in this paper. The SMC ABS algorithm monitors the vehicle speed v and the wheel speed ω from the vehicle model, and generates the desired brake pressure P WC_desired when the wheel begins to slip. Then, the brake controller controls the valves to follow P WC_desired according to the feedback P WC and state x from the brake system. The brake pressure is regulated by the valve control signals u 1 and u 2 , and the optimal wheel slip is consequently achieved. The road is set as a µ-jump road whose friction coefficient and desired wheel-slip ratio are shown in Table 3 . The desired wheel-slip ratio is determined according to Reference [29] . The vehicle is braked at an initial speed of 120 km/h.
The results are shown in Figs. 14-16 . The wheel-slip ratio and actual slip ratio are shown in Fig. 14. The desired brake pressure of the SMC controller and the pressure in the wheel cylinder are shown in Fig. 15 . The vehicle speed and wheel slip are shown in Fig. 16 . It is seen that the driver began to brake at 1 s, and then the pressure was applied, the wheel began to slip, and the controller was engaged at about 1.09 s. After the controller was engaged, the slip rate was adjusted to the desired value in a short time. The slip ratio of the wheel fluctuated when the vehicle exited from a medium-friction road onto a low-friction road, and similarly from a low-friction road onto a high-friction road, but it was adjusted to the desired value quickly. At about 7.04 s, the speed was very low and the ABS system was out of work, hence it was reasonable to allow the wheels to lock. At about 7.40s, the vehicle stopped. Fig. 17 shows the hardware-in-the-loop hydraulic brake test system. The test system is made up of an IPC (industrial personal computer), driving circuit system, and hydraulic test module. The dSPACE MicroAutoBox is used as IPC. The dSPACE Rapidpro is used to drive the valves and motor of EHB HCU. Fig. 18 shows the structure and principle of the hardware-in-the-loop hydraulic brake test system. The MATLAB/Simulink and Control Desk are installed on the host computer. The above control model is built in MATLAB / Simulink, and the dSPACE hardware executable files are generated together through RTI and RTW of Math Works. The MicroAutoBox receives the executable files from the host computer, then generates control information of the controlled components, drives the solenoid valve in the HCU (Hydraulic Control Unit) through Rapid Pro, and drives the motor through the relay. At the same time, MicroAuto-Box also receives the system status information measured by the sensors in the test system and passes it to the host computer. The pressure sensor uses the 21Y series pressure transmitter produced by KELLE, Switzerland, and its range is 0 ∼ 20MPa. The Control Desk in the host computer can modify the relevant parameters in the test system, display and record the real-time status information of the EHB measured by the test system. The hydraulic test system is equipped with a 4 channels EHB HCU and 4 brakes. As our task is to verify the performance of a single wheel controller, we only used 1 channel in the test, and the other 3 channels were blocked.
C. VERFICATION BY HARDWARE-IN-THE-LOOP TESTS
The test condition was the same with the above-mentioned simulation. The tests results are shown in Figs. 19-21. It is seen that the test results are very similar to the simulation results. When the controller is engaged, the brake pressure is adjusted to follow the desired value, and then wheel-slip ratio is regulated to the desired value, even when the road-friction coefficient conditions is changed. Because the differences between the actual brake system and the brake model, the test result shows more fluctuation than simulation. Even though, the designed nonlinear backstepping controller can control the brake pressure accurately enough and ensure the EHB has good real-time performance.
V. CONCLUSION
This paper introduces a novel nonlinear backstepping control algorithm for an EHB based on the bond graph model. Using the bond graph method, a mechanical-electric-hydraulic combination model for the single-wheel brake system is constructed, which considers the capacitive effect of the hydraulic fluid and the damping and inertia effects of the caliper. Based on this nonlinear model, a backstepping controller is designed and the control signals of the inlet and outlet valves are described by a unified expression.
Step by step, it realizes the stability of the nonlinear brake system by virtual-state variable feedback-stability control based on the Lyapunov function and asymptotic stability theorem. The effects of the controller parameters and their configurations on the brake-pressure control are discussed through the phase trajectories. Based on the analysis, proper gains that can ensure the stability and tracking speed of the controller are set, and the proposed controller is further verified by off-line simulation analysis and hardware-in-the-loop tests together with a single-wheel, SMC-based ABS algorithm. The results show that the brake pressure follows the desired value rapidly and accurately, ensuring the vehicle's brake performance.
According to this paper, in future research on the electrohydraulic brake system of electric and intelligent vehicles, the bond graph method can be used to establish a model. Based on the model, we can design a nonlinear backstepping controller to improve the respond speed of the brake system and control the braking pressure more accurately. The nonlinear backstepping control strategy of electric and intelligent vehicles brake systems using the bond graph method enables the brake system to have the ability to act as the underlying actuator of intelligent driving assistance systems.
Besides, we still have some work to do to improve this research in the future. In this paper, we regard the motor pump and the high-pressure accumulator as a source of constant pressure instead of building up accurate models of them. Actually, the pressure in the high-pressure accumulator is continually changing when the EHB is working. So in future research, we plan to build up the accurate models of the motor pump and the high-pressure accumulator and study on their influence on the wheel cylinder pressure. Moreover, the Backstepping control strategy based on the bond graph model is only verified on a single-wheel vehicle model for the ABS function in this paper. In the future work, we need to verify the control strategy on the whole vehicle level combining with the distribution strategy of the wheel brake force. Further, we consider to add test conditions such as ESC. Besides, we test the control strategy by software simulation and hardware-in-the-loop test system, and we need to test and improve the control strategy through real vehicle tests in the future.
In summary, the nonlinear backstepping control strategy based on the bond graph method can be used on the electro-hydraulic brake system of intelligent vehicles to improve the bake performance.
